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(57)Abstract: 

PROBLEM TO BE SOLVED: To provide a III group 
nitride semiconductor substrate with low defect 
density and with reduced warpage. 

SOLUTION: A GaN layer 2 is formed on a sapphire C 
plane ((000 1) plane) substrate 1, and then a titanium 
film 3 is formed on the GaN layer 2. Then, the 
substrate is heat-treated in an atmosphere containing 
hydrogen gas or hydrogen containing compound gas to 
form a gap in the GaN layer 2. Thereafter, a GaN layer 
4 is formed on the GaN layer 2. 
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US*^ l ] »*t±<c!B-<OIlI«a<k«*:3H»»^ 
A^<e5TJftK«S:fRteaf -5 ^ <!: J: 9 , bubES-^> 

*Xfi*. «r#tp^<t«:»»<t-r5ll 

t>* h <C 6 TttS« Jbfc ftJRKSr^dc-r 5 Xfl <ir . # 
Sffi*l»^UT«rEIB-<01IlKftffc**i9«c«*«c 

[SS#«3] wr±ic*-fl5iii«i»i:»*3H»Ji*« 

^nm^xmt^Tmmm^Mm vxm^m—ou 

mt. Sr«trwt*»*i:-r-5III»lSE<k»****« 
T****l»te3aLT*E*-OIII«l*ft«9#*ft:JB 

«f (cfflK^fiR-rsxg^:. «rlB&JS)B±u»n<oiii 

1 -r 6 1 1 1 tim.itta*m#&m<ommft «fe. 

*»?>*STfi6««±«c&JRlR«:^j5S;-r^XSi:, 

k. *&t*zk&tomkirzinmiiitto¥m»m9L<o 

mm^m#sm<omvt^m^is^x^ mom&MLit 

tizzk &&mkirznimmtto¥m#m&<o£i&ij 
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intern 7 \ rn&m 2ibm6i *?tifr\z&M<Di 1 1 m 

£A x ^^^^ z3/<;Uh % a^f^jU, y v/^i^, 

r. £ t -T 5 II 1 k^#»<*g«<oMii;frSr 0 

[M*« 9 ] hm*« 2 7^ s ^-f n^Mciatttw rnjs 
a{k»*w<*K«oi!ia*&«c *3 ^ x , hoi 1 1 m^t 

^fk S ixfc husB&JKHS* ^ s/ ^ > t T iuffiTiteS 

e & mm-r z> is *4 tr ^ £ & »» £ -r 6 1 1 1 mm m 

afk**»*««:^ricUfe«, Sblc. DMETttS**: 
l«*-r6XSS:tT9 w<t^^m^^-^III^^{k^## 

lE»-oin^»k^^**S*cJC^^*Dx.«l«6<)(cffr 
8BT»*«&*«-r*XS«:'grtrwi:4:»»i'r-5lll 

iiai»k**w#**ji0rt-#-5xmia. s^sic^p 
m&^\?**is+'*'f&&£itz>3:m-?hzzk&&mk 
im^immmwm^com^m^^^x , tutsmxcoi 

mmtw*m<*mfc(Dmmjjm^&^x, «mejs-*5 

ct^X^IIIfi^^k^^*!*^^. GaN, A 1 G a 
N, I n G a N^fcli I n A 1 G a Nt'fc5:<b^^ 

t -r s 1 1 1 »»t»*##»«<o»it**. 

Iti&m. 1 5 ] Ifl3ft« 1 7!;^ 1 4 l^-f tb^CiEtt<OII 

ifli^k»^2»i*s««>»jt*&(-fc^-c. Huia^-coi 
tozzk&ftmk'tzi 1 1 j&afk«5# wf*s«<o«ig# 
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« ^ i»*-r £ r £ tc 9 « e> jx -6 in mmtvo^mtm 

fa* 

[ii^2 6] S8#«2 5(CE4K<OIIIt£&{bft£|&* 
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ftZ1Zlt> % t77^f7lto:igGaN^f^« 

f 77-<7ii±lC-0ffiX*Al N^GaN^ 
:«)M^^77lT'ft^ 
M^^«fDS-&T^e>^^±(-G a N&«fiS-«:6*i£ 
* 5 %3g^ttTl^ (^026 3- 1 8 8 9 8 3^ 
«) o :t0ia^iW^/^77ii Ltll^ 
^^T% G a NO^ B B B ^t: 0 ^^v'-Yyu^^pT^(-^ 

o-fttttjofsji: kLMK. GaNllift^Pfe^tLt 
r.cDjXPfel^, GaN^LD^t61t^$<i: 
teZ-hfr^-mZtiZo ifift'tt, t77^7^r 

G a NO»^»StcfiBLT»^-t-5XPfeO«aS:(g: 
it6Mi:tt, ELO (Appl. Phys. Lett. 7 1 ( 1 
8) 2 6 3 8 (1 9 9 7))^ FIELO (Jpan. J. App 
l.Phys. 38,L184(1999)) , ^>rtxt^^ 
>— (MRS Internet J. Nitride Seraicond. Res. 4S1,G 
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3.3 8(1 9 9 9)) t*<^tzf&£:Viffih%l&£tlTtS 
*«» bit* J: 3 left o r £ fc„ 
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[RWjWWRLJ: 9 t1rt>&M] ELO^FlELO/i 
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Vi-iM*A»$> Tft< , ^7'Dir^<^^^ h U 
r/^ lite if is ^ T , Stic 

< s frlfr*) OftV^G a N^/^itt^bn^: i 75^ 
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T\ HVPEft W h*7-f K*«ricft«fe) ft^O;fri£ 

*<0«S««:l**LTGa N©SicS**#£* 

SJtfco Lrt>L, C^&tCjo^T. f"77^ 
Tg^±(C/&SLfcG a N^x 7 fy^5)it^Ki 

13, ^co-tr 50W8**LT^ft^ o -^^r^rstg^. 

Hffl{k*C|4Hort^*l\ Jpn. J.Appl. Phys. Vo 
1. 3 8 ( 1 9 9 9)Pt. 2, No. 3AtC(l N t77^7lil 
CHVPE^GaN^f<M^> ^tO&^—f— 
'*/^**:HB** LT, G a N8£tt£ftf«i£-tf 

A^^f v><ti>3ISe^*>5o **L*l^«6*rfll^£ 
^^Lt, ra2 0 0 0-0 1 2 9 0 0^i(Cll 
G a A slteHVPElfct'G a N£J¥< 

T\ ±^C0G a Nl«^#5:i^t'f6^ G a N££ 

A s *:;F*Ett£ L Tig ALT L£ o iv^M* J *>S, 
xt^^v/^/U^G a NW^PfeMWlCli, _hi£<0 
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ffH** T*HuETm&«&{?fttolI L T «IES-<0 1 1 1 £ 

[0 0 0 9] *fc**^*cj:ttii, **r±ic»— ^tii 

£ gfb$& ^a»f*8 ^ gx btt/lT £ IS fg - 1 1 

b4fe¥W#8a»e> ft 5 T*fi««±«cftJRJBISr^ri£ 

ffiLrTOEfB-^IIlKWk***»«*«cSIK«r^J« 

t^xii:, mjE&^ji^±a5{cmroTima^# 
[ooio] £ mn±^m-(oui 

^^&«tr#ffl^*TI»to31LTBuE&«ieco*®^ 
«tf#ffl^*TwjETfl!!atR€:l!ft^3SLTHaES--OII 

[ooi i] **i*3BW*cj:ntf, S»±tc»-(Oin 

j^^*fctt**^*{k^^^^*$tf#ffl^*-eH&E 

TifeS^ «r»*aai L T MIE^~ <D 1 1 1 
^(cffiBRSr^jft-rs 4: i t«c«rE^JRIK<z>*® ^^bi" 
5Xfi<b. BSE&JRIS±*c»X(OlllKab^*WffS 

[0 0 12] ^fc^^^JCctttii*. SltXIcm-coiIl 
lS6^b^¥»*JB75^ft-5Ti&S«±«c. mxcOIII^ 
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m^im t come % &mm* ti \*&mmtmwi£ 

[0 0 13] «SWKJ:*ttit, K*t±u*-oiiiKaE 

|£*JST*2 o%#.k 9 0%«TO3g|«^|9:^c>tufcwi:* > 

»» * -r 6 1 1 1 0ES<b4fe¥%»&K* tmm £ at*. 

fc« > saSETJfcKIR £ Btefei" 5 :i £ <c J; 9 # b 1 1 1 
[0 0 15] #38§fl^SBS:fr&lC;j3^-C\ IRftSfSSrtteL 

[0 0 16] #3^13:, ffiR»S:*-rSJB<0±«{cilTR 
i«»Jt^i Lf:ij|^iit6fc*, WTO 
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ffil««:*-r5!B--<oiiiK»k»4 t #ffJBtt. t^r-f 

«Mt6a^M^IotV^ 0 tit, 
^^^&«JR«, T»"C«>-6JB-^III»l»t»**fls 

[0024] ^^^^n-r6#&ii. as»«fe^^<^ 
ztitc&mmte. ^(omffi&w-tRx, a>og«ss£® 
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ii, 7 o o°c^± i 4 o o'CWT^fafircfT^ c <t#a 
* ut\ 7 o ox:*«i-ett:»fcRje3&«+»icitff 

6 0 l 4 o OTC^±-Cli*tt4»t//y *-k«<o 

*ft»*P^iS*J«ciiff &JR»fcJKaMW«LTL* 

?J*$k L -efR*aa 4: 5 £ & A S ftBt 1fi & 5 1* £ *c o 
tUofc!), &JRttft:IR*ffiKG a N^WltM 

[0 0 2 5] **W«Ci3l-tSIIiai*<b**W(*Ofi)t* 
ffitt, MOCVD& (*ftit&Bfttij£:ftfe) ^liC^i 
UT, MBEfc (^ixt^^ry-&) , HVPE& 

(✓^ KatBj«*«fe) frt\ m*<ojjm&mm-r 

#6 Ac «> co/lflfl I T KaHb4fe*N*to$ fit , H V P E 
< , JWS&»SOasS«TNfc6fcfcTfc-5a^ MOCV 

s i Nx^i^fflv^: £^-c#<5 0 

[0 0 2 6] ^sswjcis^swriDiiiiRSifbW^Wf* 

e, Ar, Kr, Xe, R n (D'pfj: < t h 1 HS^tf 

[0 0 2 7] y 7^ i Ltli^^^tt^ 
fclv^i, »-<OIII»a[{b»*«»:JB*(c?!5ricStt 

[00 2 8] ilOIim»#WM 
^ty7^^7Ki^i «*«%) *£a B at£ 
^g^/^XSns/^O-y (XRD) 



*-v !)7y/^tf.| : ^^^ Wl ^A |j;4 «Att#JB 

< ftoT^J£lft(Ct>a#&£AZG a Nl8A«»e> 
[0 0 2 9] =*-Y y T#*«£(0***frib&i 

T*&6 1 0%^JiT^£<O^#lJ; 

ISiWT-7 0%J^T\ J:9#*L<tt'5 0%JeJLT-e*> 

[0030] m-(onm^<mm&mf&-rz>® 

tkA&icmtitim&fSL&Zit&Zk tt't^o 

[0 0 3 1 ] ^P^tC^^T, STO/r^t,(0^ffll> 

5:i^t*#5, tztzitf. y-7r4T^ ->»J=i>. S 
iC, =7 sJl*y<<< K A 1 N G a A s t?<OftattttSjK 
^ G a N, A 1 N, A 1 G a N*^IIlKfi[<fc«|** 

#a>«bft*S*a $ M^£*L£ 0 t7r^7I«^ffl^5 
*J£\ (0 0 0 1) ©Sfctt 

(i-ioo) i^nzt^t^Sc (oooi) m 
^e>[i i i]$6^fni{cga^ii->5ct 9tcu ft^Wicft* 

k&X%Z> 0 Z(D*M^. 3j-^ft^ov^rv^Tt>«^i^ 

n <d mm& % $ it 5 ^ <t & x # < K z> m&fc &> 

5 0 t7 7 ^7 (1-100) ffi^fiJffi-f5^'bPI« 
[0 0 3 2] **WJC*3lt5T*«*W:, (i)±3dsLfc 

[0 0 3 3] ^^r^T-^CT)^ 

LrGa Nmmikm&Mf&^tcb<o&mtft>tiz 0 * 
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fc. (ii)(£>^f*#j£ LTIj:. GaNiS»AIGa 

&¥mm*ic£mmm&£tiz>z ttm* u< , (i 

[0 0 3 4] ^IpHciS^T. ^-C0III^f^^# 
AlGaN, InGaNSfclilnAlGaNitS: 

[0035] w»^t, m-<Duimmtw*m 

^KlilOnm^i, 5//mJ^T\ J; 5 fcPlfc L 
<(12 0nm^± > l//m^T>t6 0 ^ 09 £ 9 (C^ia. 

[0 0 3 6] *»Wlc*3tf6ftJ|||Rtt, KTOftttii 
[0 0 3 7] (i)T^g*£cogfifate£fcigU 

U ™if±t^^T$)tHl[0 0 0 1]*A*|SK 
[0 0 3 8] (ii)4tJRRfc*v^Ht-t<Z)»k*JB!<0iKjS, 

[0 0 3 9] (iii)&JRK*>5VM«oa^J«±(cj* 

[0 0 4 0] (iv) ^M)^fe^iMi^rco^b^Jffi±tc^ 

mtta*m»**toBmffx^ (r 
[0041] $e>ic, w*:i-r. i^a*uv^»fri l 

[0 0 4 2] (v) TflfeO»-^)I II»lS{k^#a»#SO» 
[0 0 4 3] (vi)^«jR*>*^M«^aib«J)Rifi!cfi-r 



[0 0 4 4] (vii)&ajR*fc«:-tC5aifcftlJ[i, lr 

[0045] :^b^f^l^fill^t6:^t: 
6 ^ k 5. ZixbOftttfcWfc-r 

[0 0 4 6] &®j££7f^7£U J**^*;^***** 

[0 0 4 7] &mi&(Dm £ te. ^iKttl^ mJ^T, 
J:v^L<|j:3 0 0 nmJL^T. St>#* L< I* 10 0 

^MJIiOTPfitcov^T^^(c$^JPS^/ t ^^?5^ tzkz-& 
0. 5nmW±tt6, 

[0048] ftWR^jA«. n-<Dum&im*m# 

[0 0 4 9] *&S#fli5eCtt. ★*^^*fctt**«*T{k 
^^^fl^i:t 60 im^ik^mii^k 

[0 0 5 0] ^S^IS^i: ITtt, 7K3RSr«trS-&^^ 
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frofci§£\ »«LfcfR--^IIlR»fc:»*i»»:JB»» 
•3. ;Ltf>«S;3l. &«JBI±lc!B-OIIlBl»k»*alK*:Ji 

[0 0 5 l ] 2SRR»fiEC!?fc*5>OjR*!i3ffiii % L< I* 7 

oo°cj^±, £ u< 138 o o"c&±. t-rz>« urn 

[0 0 5 2] ft*JKfta^rSfc*<ojPJ(fta«:ffi|ii!i^ 
jftiii*J{ctf ^ik<Dtzft(nmMmn, soot 

[0 0 5 3] IB-COIIlKS{b^#aS<*S^>SI®^ft. 

IB— ©IIIfl6B[fb**W*JiOfiK« 
<7)[£L &*Rd«»#»KM««:fi;i U t£AJfcK4 s K« 

[0054] **w*c*3v^t, S&-<oiiii£gte<&±N» 

A l G a N. I n G a N*fctt I nAlGaNi:t6: 

[o o 5 si n~<Duimg.itya¥mftmv>m£te. i 

[0 0 5 6] *«WiC*31^-C\ *— ^III«*Yt«*-all 



[oo5 7] ^p/jic^i^T. &mm±{zm-(Dnm 

J&JI&f-f ^ E L O £ J: 1^5^^, 7 7 "t y h t83i& 

[0058] ^pmc^oi^T. »noiiiis*fkW*W 
^b $ ti jiH ixyfy^itT JfeStf £ i« 

[0 0 5 9] 

[0060] ussih 1 

2>fyf^| B t77'<7Ci ( (oooi) ffi) m 

IRl±*C, MOCVD&t\ TMG^NHaWH 
T, 7 > a Ni 2 ^ 4 0 0 n rn^cf IfcM 

SrfflSLfc (12 (a) ) e LOGaNxt^^ryt^ 

(b) ) % :^MocvD^iant, h 2 £2o 

r (DntfittpT^ 1 0 5 0°CX 2 0m i n (O 

nftteaftiSLfc (i2 (c) ) 0 pi^rt-c. 

f^yi31i;TMG^7>^xrOT<l: IT, 1 0 
50°CT'GaNi4^2/imMl/: (12 (d) ) 0 

[0 0 6 1 ] £X±(D£ HcLXnbtltzG a N^t'^^- 
-> + /H«©*Stt, ^^tc^±ir% ^^a^*5«l:0 ? 
SEMlfCJ:^ t7 7 ^f7MJ:i;|gM^77 

VTmJE&llotik ~*>, GaN(000 2)i@WFW 
HMIi, lWOi':«LT^2 00 s e c. 
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[0062] *jtis«-c»e>*i-fcs*«>*ffifi:W-7-iai* 

^Lfc^^^, 4X107i/cm2i, 

[0 0 6 3] Z<DmmcDKK><D&m¥'&&m7ELtlt - 

WI^y7 7i^LTG a N£2 // mj**-r-5£, 
-e cosmos 9 ©ft**Sttfi 8miW, a* 

[0064] zcommzmv , ^«^sem« 

a N/1 2* jWHWcStU ^OiOgffc^fufcf 1 * VJR3 
t^lT?±MG a N8 4^1flia$nri^t»fg(C/^o 
TV^r £jflSflfc»T*fc. S EM(cJ:5ltfr®K»3£;3ia> 

-etfc^ l & cog&tt , ¥-mt± # ^ a> o Acs* 

;oa:^^f5G a Nl 2 ' coMfc^6 

[0 0 6 5] SUfcffl 2 
H*6#l 1 IC*3^"C, G a N/12' ^GO^j®;^ mtiL<om 

m 1 1 mm^mx^ * >m 3 zmm Ltzmmicm&m 

^^m^:D7{C7jt-r o ^COgfe^ t7r^7J:(OGaN 
12>C, ltlfi«l^«lil*nfcfc<Oi:RI«wai»*5 

^ $ fir v > s r £ tmmx # fc 0 

[0 0 6 6] 3 

ip 0 0 f7 7^7ClIilJ;(:, MOCVDftt', TM 
GtNHsW^tt, 7>K-^GaNl2^2 
0 0nm«ftLfcS«!rffl*Lfc (H2 (a) ) . r<Z> 
GaNxt^^ytyl/S^l^ f^>H3^25nm 
(H)2 (b) ) , :il^MOCVD^CAtL 
H 2 £2 0%i!S^LfcA r O^^T*. 1 0 5 0°C 
X 1 0m i nWttl^iL^ (02(c)), #(S 
^^/^^N 2 t-^x.T. 1050°Cx30minO 

fl!3±tcTMG <hr >^-T£:IjFjN-£ lt, i o 5 o°c 

TCaNf4^2/imMl/ k C (HI 2 (d) ) e 
[0 0 6 7] £l±(D£ olZLXmbthtzG a N^tT^^r 

7i^lT^IU:K#^G a Nxt^Jr^t^M 



#r$J^£fTo/c£^>5. G a N(0 0 0 2)®lH]tfrOFW 
HMIi, StRffirtWifw^rfflSL-Ct^l 80 s e c. 

t % &&xm-te&&&£G^x\,^ztAmmx$ 

^S$:iy^Lfc<i: :5, «25m^ #*lc¥fflfcMR 

[0068] ***«-e»q>^a«Sr«t> , -^01^® 
ii fc^-r«t9*, *7r-rrB«±«casi»**-*- 6g 

a Nil 2* ^fe 13, ^OJi^fl:£;fx£^>J|g3&tf- 
Lt¥ffl4G a Nm4t>mffi£tiX\,^Z>mmizfj:^Xi^ 

[0 0 6 9] rcofiJc^&^r X 0 EHft 0 ig Lfr oAct 

[0 0 7 0] H*6tf>J 4 

^fyj^rciMiKc, MOCVDfet% tm 

Gi:NH 3 ^ilt, 7yK~7^GaNf2$:5 
OOnmMLfclMillfc (HI 2 (a) ) „ ^ CO 
GaNxt^^yt^HlC, f^>S!3^3 0nni 
If I (H2 (b) ) , iMMOCVD^ICAti 
X, H 2 8 0 % + N H 3 2 0 t*, 10 5 

0tX30mi n<af&&J!&lSLfc (i2 (c) ) 0 31 
£#c#. fpJ'jPF^T*. f ^yJH3±{CTMG £ T >-^r~T 
IT, 1 0 5 0tX'GaNi4^1/jmMl 

it (i2 (d) ) 0 

[0 0 7 1 ] £1±<D£ 9iatf6tLfcG aNxt^^r 

7l^LTMl«^G a Nxt^^r^t^ 

i:*^ GaN{OOO2)i0^FWHM|j:, 
l^(O^:«lt^l80sec. fi#T**U— 
* & b b 9 tt £ W L T v * 6 C t ti 5 $t s& X # fc o 

[0072] *i5»«-e#^nfcS«(o*ffi$:iB^ra^ 

<, ^ 0 ^ H i4^^GaN^ B ^ 0 Mr^|f)ntv^6^^ 
[0 0 7 3] rcoS^£0^»9 c0te^#^^r^J^U^<t ^ 

[oo7 4] z<Dm&*&\*), ^tomm&sEMxmm 

-7 7^rmWi 1 ±JC^^^r^-r6G a 2 * 75*£) D . 
Z(0±<D^t£tlft7-?>im3$:lfrl,X¥-tRteG a 
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[0 0 7 5] Hfifeffl 5 
3l*ffl#l4 -C»b*tfcG a N^t°^y-V^iMHVP 
EflprtMAtL, GaN^4±(C. ^CGaNi^30 
0//mJ|iLf: o **«Cffll^iR»«:, N H 3 £ G a C 
1 £ Lfc. *&g&f*l2, «EE. 1 0 5 0'Ci: 

[0076] r.(os«*\ ftitfcm&tm&<ofik&m*p 

^tf) frmtR&)lZ3Ly3->y£i'l., G a N/l4:fccfctR: 
60_hC0G a N«**»Jtl.fc D^7'^ "AA5 w £ ft < , 

TS«i^fHIHiUfco -t^tt*. G a N*B*<0 

[0077] »p,ttfcG a NHUsAxtgcos 9 $J5e 
1x10 7i/cra2i**ic>/i< , 

[0 0 7 8] 6 

*jufcwa>xewrffiiasria3*c^-r c tS2>r >^<Dm 

^t^r'frcsi.teiKc, mocvd&t\ tm 

G^NH 3 lrMi:lt, 7y K-7V)GaNl2^3 
OOnmMtfcffl^fflf Lfc (El 3 (a) ) „ Z<D 
GaNxt7dryt^IilC, f^fll3$:20nm 

(IU3 (b) ) . Ztl&HV P E*F^fCA*lT\ 
H 2 8 0%+NH 3 2 0%CO^tCflfc^T\ 1 0 5 0°C 
x 4 5m i nOSMfcSSrttLfc OH 3 ( c ) ) 0 

[5]^P^T% f^yfl!3J:(:NH3^GaClOT 
SiHaCh^K-^VhiLt, 1 0 5 0 5 C 
"C S i a NJf 4 £ 3 3 0 n mMLfc ((D 3 

(d) ) o 

[0 0 7 9] /ScfiOl&bofcStKfC 6 0 0°Cfrb 200 
°C^T*2 0°C/m i n<om&Xtti%li-Z>k\<*?1&ffiWi%: 

MfCfiBLt, «^t6GaNl2*M$ 
*K H^ 3 3 0 /im^GaNl47)\ f77^7SIl 
**fefl«Lfc (B3 (e) ) . 
[0 0 8 0] l&ISiLfcGa NS4<&HffilS, Dfldb^U 

(C^iB/^ GaNO@41I$rtl6:i^T^/: (IH3 

(f) ) o 

[0 0 8 1 ] ±IE<tP]«co^rfeX^^3l*'C^^xfcS 
-^Ek G a N/1 2' CD^R&spte. 6 0-7 0%<i:/ior 



2* ^^|^£O7f^<irf5]0^(c^^>^3co^ii:/j^^T 

[0 0 8 2] UMitfi] 7 *^ffiMOXS©fffiia$:ll 4 (C^ 

MOCVDj£t\ TMGirNHa^rMt IT, T>K 
— y^OG a Ni 2 3 0 0 n mJSJcft LfcglR£fl§£ Lfc 

(H14 (a) ) 0 IOGaN^t^^rvt^lf±(C, 
f^>i3^2 5nmlfl (H4 (b) ) , Ztl^M 
fUPF^iC AtlX . H 2 £ N H 3 &^H~&£ L/c^ffl^a 
#*fl>5HSfE't'-C\ I 0 5 0°CX2 0 m i n <0jR*OrJS4:tti 

3 0mi n^M^llfc (d4 ( c ) ) Q 
[0 0 8 3] F I ELO&^ffl^tGaNi4W 

j#S£tTofc 0 £1\ S^±(c^c VDfelcJ: s iO 
2 JiM£0. 5/im*§.fSU 7^Hy^77yIllcJ; 
•3, S i 0 2 flg<-< 1 1 - 2 0 > kW-'il'*^* h7^7l 

^Lfc (ID 4 (d) ) 0 ^>cDfjiIli3 /i m, ^^{7 5 CO^g 
|j:7/im*efc5, COS^MOC V D*PF*](CA*K T 
MG^NHsOTHT, liSg^r 1 0 5 OttG 
aNi4S:4/imlSSLfc (14 (e) ) c G a Nil, 

oGaNi4t^ot t#btLfcGaN*if B x^^ 

^j*ict>fcoT hWg«£$y3£Lfc£ r 5, 2x1 

0 7a/cin2t*«lO4<, ^att^^GaNre 
eH ^ tr * * > -y ^ S 15 75 q# P, tt T I ^ ^ <h fit ^ L fc „ 

[0 0 8 4] MMW 8 
*Hlfe0»JoxmBfftSl2l*l2l5(C7n-r o *TH2fe0*J4 <tPl 
i{CLti5 (a) it'©lSS:m\ GaNxk^^r 
->ir/u**«:1»fc. ^^-e-^co±fc. S6cvDffi«cJ:0 
Sio 2 I^o. 5/imit^u. 7* h v y y^y^T. 

m^XK), Si0 2 K-<l l-2 0><h¥^(C^h7 
^t^<^^^:^lt-t. G a N^4 ^ettS^i±. -**?5& 
J&f&Ltz (IE) 5 (b) ) 0 ^Iii3 M m, 5(D 
7 n mt^^o :OlKHVPE«CA^ G 
aC 1 <hNH 3 M#ilT> GaN/l6£3 0 0Mm 
^Lfc (H15 (c) ) 0 ricfiflM+tt. »£E, sfitas 

1 0 5 0tt% J*SiiS<i8 0 /1 m/htfe6, G a N 
II, lli:«)SS^GaN±[C77ty h«:ML6A J P) 

iltRWfc/fcgU 5<nm%t*m&Z>k^x? 5± 

^^fOG a NJS 6 kteitz (115 (c) ) o 
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5 (d) ) . 

[oo86i »bttfcG a N&&&mm<D&m&m*m 
S^itUi:^ 6xio6i/ cra 2i^i:w 

[ 0 0 8 7] tm&\ 1 

*Jt«M<z>xei»ffiH*ia6(c^-r. oo^^r >?-£>m 

iB»t77^rcB51«i±lc:. ?-*>JR3«:0. l // 
m3&#L (H6 (a) ) , *(D±iZ&t{tifi}k<DltltolZ& 
m 9 SrSgJl 1 0-20n mVmm Lfco 

[0 0 8 81 :«I^MBEf (^-T-^p B 0 ^c^) 
^iCAi'K 7 0 0t-Cl«±lCGaNS4 (JRJ? 2 /i 
m) SrfilcftLfc (0 6 (b) ) . 

[0 0 8 91 MB E^bJRfJffiLfcSKSr^j/ft** 

^£*t. G a Nf 4 7 TS^A^^J^tl-fco L 
[0 0 9 0] mhft-tzG a t^^v^/U/I^ ^(O 

tcs 9 < , mm^hmm etc t m&ric & -^mz 

[0 0 9 1] *lttt«i±3fiLfc**«<Ott*i:«Olt<R 

r. ganI4wM^^t-v •ir^i: it^y ^ 
[0092] mmm 9 

^Bt7 7>f7CiMl±fC, MOVPEifcf, TM 
G£NH 3 £Ilil£f<!: IT, 7>K-7'OGaNl2^5 
OOnmfiKfilfclS^Slfc (B 12(a)). ft 
IC N Z<DG a Nxt^Jr^t^J:^ ^*>^3£- 
2 0nmlf U(il2(b)) 0 :<^T i U;S 
*ROXj»@Sf»J^«*«:l§l8tC^-ro GaNxt^^rv 
-WUg;&±T\ T i^[0 0 0 l]^fS](ClEf^bTV>6^ 

2 5%fi^LfcH 2 SeaC I f , 'C, 1 0 7 0°CX3 0 
m i nCO^S^JSLfeo JR^SS:16UfcS<R^Xj»lHl 
#r$J5££tro£:£ H)9(c^:-rj: ^tc, T i N^Iel 

[0 0 9 3] ^^ffiRWI^rSEMti^l 



N^2{C(i^^ — 5 0 0 nm0>£Mtot-C$T. ?JcofcH 
ftffSOG a Nm2(Om&T\ ? ? >m 3 ffi%iL btl-Xi* 
5J: 9*»rffi«ii^fc3(Bl 2 (c)). llfrtg S EM?B 
^^B^Lofc^:co#TL^ri^6 5XT**>ofc 0 "tt 
&H V P E*PICA*K GaNi4^3 00//mit.^Lfc 
(Hll 2 (d)) e ^(Cffl^fcMllNHsdrGaClT 
hZ>„ ^^^^GaCl^E, NHa^EE 

13, -tJvt'iT^ 8 X l 0-3 atm. 8 X 1 0"2 atraT'£> 
6, fiRittflTffi "CfTV\ fi&gi&ffitt 1 0 4 0*Ck Ltc* 

LTfflV^C0|^^f^^^f/?iiUTTil!i^G a N 

ir \) 7 k L T N 2 > Ar, H e # ir'CD^F^^^ & 
JB^\ &ffi&?g?m&com&k LTfflxtfG a NJi&:2 
0|/mi|MU ft«C*-V y 7^^H 2 (':ij09i 
^l#^#G a N/i^^UTi¥fllG a N^4 ^r#6 

#*$>(DG a C 1 #EE. N H 3#ffi£-t*t*f*t, 1X1 
0-2 aim, 2.5X1 0"i atmi: It h — */U<t It 
3 0 0 /imOf$i:^lf:GaNi4^ili, 
tN 2 ^rt V 7tf*^T?ffc&&ffr>tz&GiCVtmi,xm 

^^(onm^m^y * n w&mt&htitc* g a 

77^7CI1^ 1 ^bS^^ftjglL, GaN^g3lg 
*3fl«#e>ttfc (812(e)), 
[0 0 9 41 §f)tLfcGaNeaS«^IIj: % ^^(C 

GaNii: fcbR IT, l^l^*^tLj^±oS«F^*®ttS8 

^rffofci: GaN(0 0 0 2)E £$£^(10-1 

0)@^)lHl^T<OFWHMIi s StRErtOif r^ffll^Lr 
h^tl^tl. 1^)12 Oarcsec. , 1 5 Osec. k , ^^?T' 

^-/^MtiTv^: ^^$t^-c#rc e # 

JilCG a N^r 3 0 0 u mjSftS i: . ^comm^fe *) <D 

fom^&Kms ocmktez><DX\ ^mcxvnbtizG 
^r, %tta«ffi (2 5 o°o \c&m&mi,tii£ 

r#^cx 7 ^tVhT'I^tfc7)\ ixi07cra 
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[0 0 9 5] ^lfiffl 1 0 

HAM 9 £ isms, hi 2«rffl^rsftw-r«>o ii:iS2^> 

f tO-WBf 7 7^f TCiSi 1 MOVPEft 
T\ TMGiNHsW^LT, GaNl2^1/jm 
BtfiLfciStffiSUfc ffll2(a), lOGaNil 
±1-. ilP tlll3^2 0 nmlfLd 1 2 (b)K ^ 
fr&S;**PUA;h,-C\ -X$L*PX\ 8 5 0 e C. 2 0#P^cD 
&Mm&faLfz 0 Z(Df&%:, G a N/l2<£lC|4igi^g<£> 
ffifiMs»j*S*L, &JRPtJR3«ctt, i****)-*:^ * 
p^-^-f Xco?t^»fiRStLfc(H l 2(c))„ 
[0 0 9 6] I^ b b b$:HVPEJp(CA^, G a N®4 

^300 itmmm^tzim 1 2 (d)) 0 ric«Kffl^fc«» 

14 N H 3 <t G a C 1 T*bZ> 0 fft COG a C 

1#JE, NH 3 ^EE(4, -etL-^tL, 8X I 0-3 aim. 

sxio-2 atm-e&5o j**«:*EE-em\ 

Iil 0 4 0tilfc, ^yT^iLTIiAr^^ 
fc 0 A r C0*felCN 2 > H e ft k'CV^iS&tf X&m\s^Z> Z 
tkX~ZZ> 0 3ll6fi»l9 ^P!«fCi4i:^(CN2. A 

r, H e W^Mx^^t y 7^ i lTfflV\ 
GaNS«:50/iraiS^U H 2 £r*atf^ -V V 

TjfXlZWVWz.^ 5l*«E^Bfa^*$*-CGa N«& 

6 0 *H!fi^I"T?<4 2 5 0 fj milCOG a N/1 4 &/5JgS L 
Ac 0 GaNl4 ttric*»T«<0*jaigSlC*3V ^TSRWB 
*r«HC-y-7T^TCffi»Kl*»e>e««C#J«L, GaN 
<0 *Lfc ((Hi 2(e)) . 

[0 0 9 7) f P>tlfcG a NgSM^Ilt ^fC 

£fTofc<h GaN(0 0 0 2)i, :JoJ:i>*(10-l 

0)iCO§^FWHMii, S«ffirt(Oirr*ffl!|^L-C 
^^rix-en-, 1 0 Oarcsec. N 13 0sec. ^^T* 

M:GaN^3 0 0Mm^f6^ ^©IS©St) 
0>lfe4MM£ra*J5 Ocrair^^cO-C. *«fe»Cj: VmbtlZ 

BtBSiS^ifc (2 5 O^C) *c*t»fc»Lfc« 



[0 0 9 8] 1 1 

[0 0 9 9] ii:m2^>^'cDm^R B a^^T-rTC®S.tfi 
lJi(C, MOVPE&t', TMG^NHaWH 
T, G a N/12 £3 0 0 n m/fcg Lfcgffi&fflft Lfc 

(B 1 3 (a)) 0 

[oioo] z<omm±^. mcvomcj: •> s \ o 2 

1 Si o 2 Hg«c< 11-2 0>tWn\c* h7^7^ 
OSgfcBBtt. GaNl2^BfclJ$f, 5 &H£fiEL 

fc (il 3 (b) ) 0 ft^)Ml4 3 „ m N S i O 2 * * 5 
CO^SIS 7 // nit'fc5o 
[0 10 1] r^GaNxt^drv^yUl^Kc, 
>JK 3^25 n ms^^ t 1 3 (c) ) , r i'l-Sr HVPE 
^r^iCAtL.T, N 2 £ N H 3 €r*»(ca-& Lfc^Oi^^ 
^.CO^^^T-. 1 0 5 0°CT*2 O^mWS^L/c 

3e>K#ffl*#;*£H2lc*;l-C Iici 0 5 0t 

T?3 O^RnWfcMJSSrSSLfco CCO^m, CaNl2(C 

tti***ogsi«3fls«± l (Hi 3 (d) ) , ^ * >m 3 14 S 

N«4 £3 0 0 ;i mif«L*: 0 filcf (Cffil^c^ltNH 
3^GaClT\ ^rt!l7^atHe»^ f£ 
^^GaCl^E, NH 3 ^/£I4, -^tl-^tU 8 
X l 0-3 atm. 8 X 1 0-2 atmX$>Z> 0 fiJcS(4SBET- 
f&&U&& l 0 5 0°Ct L7c P GaNIt liCf; 

±T-l4«#ft/&g^g«£ffi£fl!i,\ ft&Wfcsptlfc^ 
i^oGaNi4i<Cofc(il3(e)) fl ^rtU7^ 
*£LTI4, Hec^ftiltC, N 2 ^Ar/j:OTW^ 

e, N 2 . A r if ^>^§t±^/^ ^r-y |j Ttf*t IT 

^fr^r-r y r^/^^ffll^T, ^I^f^St'GaNM 

«A5«J©J^tt % ^ffi^7^-Pv^i$il6o G a NjH 

4l4fiJtftj^T«o»?aig@tc*5V>r/-K-f KSSr*(c-^7 

r-rr»ffi75»p>i«stcffl«iLfc(En 3 (f)) c mmi,tz 

G a NJW4<Dmffi<DWJh£m£^ZtcMcmm$:Mls 

X. f^>li|3 (M^titt^ tco^tr) , SiO 
2 ^*^£*a-frG a N^4C0— gf5£|&^Lfc£ ^ 
®. S©^ kfCSpta/^ Ga NCOS&mtii&nZZtfc 
■CtfclBl 3 (g)) e 

[0102] H^ix/tG a N giS^£O^IIl, #?ff|C 
¥i&T\ «»ftS«i3j:O c SEMtH«J-«t9. ^^r-T 

G a N^itb^U-C. l?l»A»-tlxa±<D*#ft«B5tt« 

Zftitit GaN(0 00 2)E ioctt/C 1 0- 1 

0)®(D(Hl^c7)FWHMi4. g.tSESf*i<D£'r ^r^J5£UT 
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h^ixt'i'l. $)6 Oarcsec. . 8 Osec. t , ^^FX'^)— 

fee a Nm^g.t&o^ sr, &m<o 

l:GaN^3 0 0/]m*ftt5<!:, -t oS«OE 9 Oft 
WSlifiS 0cra£/«£6<9-C\ 0»bit6G a 

mm. m®m&m (25010 ic**»£«Lfctt*#fc 

ftfcat s/lf-tV h-effi«Ufc*^ 2 X 1 0 6 cm" 2 £ ^ 
©cot 6 ^ b<D&8E&ffl&Lti£ Z 5, 1)2X10 

[oio3] ^mm 1 2 

G a Nm&£km®L7 ±IC^ f^yl3^2 0nmif L 
f:(H4(a) ( (b)). c^36Rtfll«e^rt<cAtbT, T 

N^iM 7 <Ctt?££ 5 0 0 n ml^»t'^ 

*>ofc(H 1 4 (c)) P 
[0 10 4] rilSrHVPE^lCAtl, GaNi4^3 
0 0 /i m*BILfc(BI 1 4 (d)) 0 j«ft(cJ8^fc«»tt:N 
H 3 <bGaCK'fo^ lW7^WGaCl5) 
EE, NH 3 ^E(t -tiX-ett. 8X10-3 atm, 8X 
10-2 atraT'feao J*^tt«EE-CffV\ jftftfitttt 1 
0 4 0°C£:Lfc o ^t97^ilt|j:N2^ffl^/c 0 

C/c^T'foSo N 2 CQfdl(Ct>, Ar, H e /^ir'CD^Ffite 

ItCW;^ y Ttf^h LTN 2 > Ar, He^i:' 

tfGa N£2 0/xmfI«J5fcRU ^(C^rtyT^^H 
2 (C$J ( 9#;L, ^I^^GaN^f LtflGaNf 

tt, 1X10-2 atra, 2.5X10-1 atra^lTh- 
?/\sb It 3 0 0 n mtfW^fC/^LfcG a N^4^® 

GaNi4^GaNil£ B 0 B M 

{Ml 4(e)) 0 



[0105] WfhtitzG a NWSMI2«<?>9?ffitt, 

OG a NJB^tttfcLT. IPI»A»-tttB±«>ft»<C«BBtt 
i^^otv^: i«:lSLfc, noSSO XiSlsISrai 
Ife&Vfitzt ~ 6. GaN(0002)I v *5«tt/( 1 0- 
1 0)i<7)[eI^FWHMlj:, ISIrtoi'^^iii 

"Cfc-tJx-t'tt, &\)5 Oarcsec. , 7 Osec. £ , AfrVfy 

tifzG a Nm&&mm(D&v ^tetfci;^, s«o 
K 9 ©ft^Stttt 8 m *: % #««c "C* T 

^6: tWTtfc, spStea^Wtcfi^otiu Tift 

3£**^»3R«*»c eat- ss^M^ti^?)'? 

[0 10 6] »5>*l.fcG a N^ftASSOKsffiffi 

MMKR. HtttA-frffi (2 5 0°C) ^i*f4&gLfc 
ISlib^fcxyf h-C«S5Ufc}JS. 7 x i 0 5cm 

[0107] %mm 1 3 

*nmmzmffim9 tmm. Bi2*ffl^taiwt6, 

i82>C >fO»a*t77^7CSiBR lJt(C, MO 
VPE&t, TMGtNHstBfl'tLt, T> K— "7* 
CGaNJ|2i3 0 0 nmjS*LfciS*ffltL/t (D 
12(a)), :OGaNxt^drvt;Hil 

f-^y§3^1 Onmlf Lfc(il 2(b)) e Z CO 
g^^mM^PF^tcAttr, 7^^7§r2 5%^lfc 
H 2 ^^ C P"C\ 1 0 7 0°CX 3 0m i n (Df&l&m&lfo t 

s^tt. ?-?>>m3n[ i i i]*ifi]«ciBifi]LfeT i njk 

[0 10 8] * fc. tO^iM'W^SEMT'Iil 

fc <ir 5 , ^n.^m i o *5 x xim 1 1 £ mmoffij&iz 

0»/>/^^?55*a— {CBHV^T*3 9. TifeOGa 
2(dli^$— 3 0 0 nm(D^m^X^X. ?jlofcH 
^?^C7)G a N^ B B 0 (7)1I^-^, ^^>fll3^^^L^ttr^ 
6ct^W®MT^5(il 2(c)) 0 WSEM?1 

^HV PE^PlCAix. GaNl4^3 0 0/iml|SLfc 
(Hi 2 (d)) 0 MC^^MliNHa^GaCK' 
£>5o ^^c, ^^/^^COG a C 1 #EE, NH 3 ^E 
fe, -Ztl^tl, 8X10-3 atra, 8X1 0"2 atra"C*> 
6o **tt*EE-«TV\ 1 0 6 0*C£ U/io 

^r-^ y Ttf*t It, N 2 lCH2&2%?5'frLfcfc0>& 
^V>fc e H2iN 2 ^^^^^^ty7<httiV^6 
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[0 10 9] N '>(D\Xf> 9 A r . He te¥<D7Fi%&. 
^^iV^Ul/\ GaNi4»l N 2 *Y l JT 

^S^e^^ni >'cD&^E«b*x/c 0 GaNi4lMI 
1 2(e)) 0 H^fcCa Ng£g*<0^®|*, #*tC 

[0 1 10] Is] 1 5iC, *Has0||-t?#b^fcG aNSi 
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